Abstract
In haplodiplontic lineages, sexual reproduction occurs in haploid parents without meiosis. Although 23 widespread in multicellular lineages such as brown algae (Phaeophyceae), haplodiplontic 24 gametogenesis has been little studied at the molecular level. We addressed this by generating an 25 annotated reference transcriptome for the gametophytic phase of the sugar kelp, Saccharina 26 latissima. Transcriptional profiles of microscopic male and female gametophytes were analysed at 27 four time points during the transition from vegetative growth to gametogenesis. Gametogenic 28 signals resulting from a switch in culture irradiance from red to white light activated a core set of 29 genes in a sex-independent manner, involving rapid activation of ribosome biogenesis, transcription 30
and translation related pathways, with several acting at the post-transcriptional or post-translational 31 level. Additional genes regulating nutrient acquisition and key carbohydrate-energy pathways were 32 also identified. Candidate sex-biased genes under gametogenic conditions had potentially key roles 33 in controlling female-and male-specific gametogenesis. Among these were several sex-biased or -34 specific E3 ubiquitin-protein ligases that may have important regulatory roles. Females specifically 35
expressed several genes that coordinate gene expression and/or protein degradation, and the 36 synthesis of inositol-containing compounds. Other female-biased genes supported parallels with 37 oogenesis in divergent multicellular lineages, in particular reactive oxygen signalling via an 38 NADPH-oxidase. Males specifically expressed the hypothesised brown algal sex-determining 39
factor. Male-biased expression mainly involved upregulation of genes that control mitotic cell 40 proliferation and spermatogenesis in other systems, as well as multiple flagella-related genes. Our 41
data and results enhance genome-level understanding of gametogenesis in this ecologically and Introduction 48
Gametogenesis is a fundamental process for sexual reproduction. In diploid organisms, the 49 sequential activation of two major developmental programs are coordinated; expression changes 50 causing a switch from mitotic cell division (i.e., growth) to reductive meiotic division producing 51 haploid cells, and subsequent activation of the morphogenetic program to produce differentiated 52 haploid (male and female) gametes [1] . However, haplodiplontic lineages deviate from this pattern, 53 because sex is expressed in the haploid phase of the life cycle, thereby uncoupling gametogenesis 54 from meiosis (see [2, 3] ). Haploid phase gametogenesis can thereby be viewed as a relatively 55 simplified process, limited to the integration of gametogenic signals to fix cell-fate decisions and 56 produce gametes. 57 Brown algae in the family Laminariales (kelps, sensu stricto) maintain an extremely 58
heteromorphic haplodiplontic life cycle alternating between haploid microscopic gametophytes and 59 diploid macroscopic sporophytes. Kelp sporophytes are the most developmentally complex and 60 largest members of the Phaeophyceae, an independently evolved eukaryotic multicellular lineage 61
[4]. In contrast, gametophytes are cryptic, either free-living or endophytic [5] with a highly 62 simplified filamentous morphology specialised for gamete production. In addition to their unique 63 evolutionary position on the tree of multicellular life, kelp gametophytes are an attractive model 64 system for the study of gametogenesis. Gametophytes can be isolated and maintained in long-term 65 vegetative culture (i.e., for decades; see [6, 7] ). Gametogenesis can be induced in the laboratory by 66 blue light [8] or Fe addition [9] , and development to fertilization is rapid under optimal conditions 67 (ca. 10 days). Sexual 
Induction of gametophyte reproduction 107
To induce gametogenesis, female and male gametophytes from both strains (biological replicates) 108
were gently separated into small fragments (~1 mm in length) and cultured separately into Petri 109 dishes (9.5 cm diameter, height 5.5 cm) with ½ strength PES at 10 ºC. RNAseq analysis and de novo reference transcriptome assembly. 131 Total RNA was extracted from lyophilized tissue equivalent to ≈ 50 mg FW male and female 132 gametophyte culture per sample following established protocols [28] and sequenced by a service 133 provider (100 bp paired-end Illimina HiSeq 4000; BGI, China). 134
The raw sequence data were evaluated with standard quality control tools (FastQC v0.11.7; 135 https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Prior to de novo transcriptome 136
assembly, quality-filtered male and female reads were digitally normalized to reduce redundancy, 137 equalize k-mer coverage and remove rare k-mers potentially arising from sequencing errors [29] . 138
Assemblies (Velvet-Oases; [30]) were built over the k-mer range 21 -61 (step size of 10), and these 139 5 assemblies were subsequently merged with transfuse (https://github.com/cboursnell/transfuse). 140
The merged transcriptome was queried by Diamond [31] in BLASTX mode against Stramenopile 141 proteins (subset from NCBI nr); contigs with top blast hits against Phaeophyceae were retained, and 142 the remaining contigs containing potential contaminants were removed from the analysis.
143
A proportion of contigs from brown algae de novo transcriptomes may be "polycistronic", 144 likely resulting from brown algal genome structure, in which closely adjacent genes are transcribed 145
from distance and clustering methods were "spearman" and "ward.D2", respectively. Clusters were 177
identified with NbClust in R, focusing on the Gap statistic method with 500 bootstrap replicates.
178
Clustering was used as a guide to identify major patterns and gene / annotation lists from the data. 179
Venn diagrams and MA plots (log ratio versus mean expression) were generated in R using the 180 limma and ggplot2 [43] packages. 181 182
Functional annotation and gene set enrichment 183
Transcripts were functionally annotated by Diamond (BLASTX mode) comparisons against 184
Ectocarpus Ec32 strain proteins. Gene ontology (GO) terms were appended to transcripts based on 185
annotation data for the Ectocarpus genome (https://bioinformatics.psb.ugent.be/gdb/ectocarpusV2/). 186
Predicted protein sequences derived from S. latissima reference transcripts were annotated against 187
the InterPro [44] and KEGG [45] databases. Gene set enrichment analysis (GSEA) of GO terms was 188 performed using clusterProfiler [46] in Bioconductor 3.8.
189
Transcripts with homology to genes from the male and female sex-determining regions (sdr) 190
of Ectocarpus and their expression level in S. latissima were collated from functional annotation 191 (Diamond BLASTX) and mapping (RSEM) data. Uniquely-expressed male and female transcripts 192
were defined as those with average mapping ≥ 4 transcripts per million (TPM) in the expressed sex 193
and ≤ 1 TPM in the non-expressed sex, identified from RSEM expression results.
195
Data availability 196 The clean read data for female and male gametophyte samples analysed in this paper are available 197
in the Sequence Read Archive (SRA) under BioProject accession PRJNA547989. The 198
Transcriptome Shotgun Assembly project has been deposited at DDBJ/EMBL/GenBank under the 199 accession GHNM00000000. The version described in this paper is the first version, 200
GHNM01000000. 201 202 203
Results and discussion
204 Transcriptome sequencing and expression profiles 205 High throughput sequencing resulted in 52.5 Gb of high quality paired-end read data (266.2 million 206 male and 259.2 million female), with an average of 3.28 Gb (32.8 ± 1.04 million reads) per sample 207 (S1 Table) . Digital normalization reduced the dataset to 50.7 M reads for assembly with Velvet-208
Oases. After merging individual k-mer assemblies with transfuse 323,917 contigs remained with an 209 N50 of 1,509 bp. After extracting and screening predicted open reading frames for Phaeophyceae-210 specific top hits, the final reference transcriptome consisted of 34,002 contigs with an N50 of 1,281 211 bp (S1 Table) . Transcriptome completeness indicated that 64.1% of Ectocarpus protein coding 212 genes were represented. According to BUSCO v2.0 analysis, the transcriptome was 74.9% 213 complete (with 25.9% duplication level; S1 Table) and is therefore reasonably complete for a de 214 novo transcriptome lacking representation from the sporophyte stage. This value rose to > 90% 215 when fragmented or partial matches were considered. For comparison, running the same analysis 216
with Ectocarpus strain Ec32 V2 proteins resulted in an estimate of 82.5% completeness and 9.1% 217 duplication. 218
Differential expression (DE; over-or under-representation between sexes or between 219 timepoints within a sex) was detected for 1,122 of the 11,916 transcripts analysed in edgeR (9.4%).
220
A total of 3,429 KEGG orthologues were identified in the dataset, of which 521 (15.2%) were 221 differentially expressed (a full list of KEGG-annotated DE genes is provided in S2 Table) . Heatmap 222 clustering of DE KO terms revealed several distinct patterns of gene regulation (Fig 2) . The 223
clustering indicated a primary divergence in expression between RL and WL, overriding differences of KEGG gene annotations can be found in S2 Table. 268 269 270 271
Functional annotation 272
Gene set enrichment analysis (GSEA) of GO terms comparing the sexes showed that females were 273 enriched for "ribosome", "translation" and related terms throughout the timecourse, suggesting that 274 transcripts encoding ribosomal proteins are relatively more abundant in females during both 275
vegetative growth and gametogenesis (S3 Table) . After 1 and 6 days in WL, translational activity in 276 females was also enriched ("translation initiation factor activity", "eukaryotic translation initiation 277 factor 3 complex"; S3 Table) . We also found GO:0055114 "oxidation-reduction process" 278 overrepresented in female gametophytes (on day 6). This gene set contains several uniquely or 279
highly over-expressed genes in females, important among which seem to be group of genes related 280 to wounding/pathogenesis. These include transcripts for a lipoxygenase, a respiratory burst oxidase, 281
and a manganese SOD, all of which were female specific (with no detectable expression in male 282 gametophytes).
283
Under vegetative growth conditions, male gametophytes showed enrichment of several terms, 284
including "galactosylceramide sulfotransferase activity" and "golgi", containing several transcripts 285 annotated as Galactose-3-O-sulfotransferases. This latter group of transcripts included 2 members 286 uniquely expressed in males throughout gametogenesis (see "Gender-biased or -specific expression 287
in males" below). Male vegetative gametophytes were also enriched in "ubiquitin-protein 288 transferase activity" and "regulation of transcription, DNA-templated". For the latter, a range of 289 transcription factors were represented, including heat shock factors (HSF), TFIIB, TFIIH, CCR4-290
Not (nuclear transcription from RNA polymerase II), sigma-70 (plastid transcription), as well as 291 genes involved in chromatin remodelling (e.g., TAZ-type Zn finger protein, histone 292 acetyltransferase). TALE-like homeodomain transcription factors were also represented, with 293
homology to the Ectocarpus ORO life-cycle regulator [47, 48] as well as Ec-04_000450. 294
Homologues for SAM, a second TALE transcription factor key to the regulation of life-cycle phase 295
in Ectocarpus, which heterodimerizes with ORO [48] were not detected in our dataset. Following 296 transfer to WL to induce gametogenesis, no overrepresented GO terms were found in males (S3 297  Table) .
299
Gametogenesis involves regulation of key gender-independent "early 300 response" genes 301 A majority of "early responsive" genes (i.e., significant expression changes after 1 day in WL) were 302 common to both sexes, with 69 KEGG genes (or approximately two thirds) up-regulated in both 303 males and females (S2 Table) . These genes provide insights into general cellular, developmental 304 and metabolic processes triggered during early gametogenesis. 305
From the expression changes in response to WL it can be inferred that the gametogenesis 306 developmental program involves rapid activation of ribosome, transcription and translation related 307
pathways. Furthermore, it was notable that several genes were involved in post-transcriptional or 308 epigenetic regulation. An interesting example is SETD6 (K05302), a member of the SET domain 309 family of protein lysine methyltransferases (PKMTs). The only differentially expressed member of 310 six SET domain proteins identified in our dataset, SETD6 was immediately up-regulated under WL 311
in both male and female gametophytes ( transcript levels, the evidence for involvement of similar pathways across independent multicellular 337 lineages appears compelling. 338
The rapid regulation/reorganization of the transcriptional and translational machinery was 339 accompanied by metabolic adjustment. Notably, several key genes in nitrogen metabolism were 340 upregulated (Table 1) . These included strong up-regulation (ca. 20-fold) of a nitrate/nitrite 341 transporter (NRT), suggesting an increased requirement for inorganic N acquisition for 342 gametogenesis, reminiscent of the response of diatoms under N-deprivation [54] . Although N and P 343 levels in the medium were lower after transfer to WL gametogenic conditions, and we cannot 344
exclude an effect on uptake rates, the medium was still nutrient replete. N-acquisition was 345 accompanied by upregulation of ammonium assimilation genes contributing to cellular pools of L-346 glutamate including both chloroplastic Fd-GOGAT (GLT1) and cytosolic NADPH-GOGAT (gltD), 347
and possibly GDH (but see [55, 56] ). Biosynthesis of several amino-acids depends on available 348
glutamate (e.g., alanine, aspartate and glutamate metabolism, arginine metabolism) and these 349 pathways also showed evidence of upregulation during gametogenesis. 350
Pyruvate is both the product of glycolysis and starting metabolite for gluconeogenesis, and 351
acts as a key metabolite in interacting energy and carbon metabolism pathways. In the penultimate 352
and final steps of glycolysis to generate pyruvate, enolase (ENO) and pyruvate kinase (PK) were 353 upregulated, as was pyruvate, phosphate dikinase (PPDK) which reverses the action of PK to 354 generate phosphoenolpyruvate (S2 Table) . Pyruvate and glutamate are also produced by 355 transamination of alanine by alanine transaminase (ALT), which was strongly upregulated (S2 356  Table) . Pyruvate is the precursor for acetyl CoA entering the TCA (citric acid cycle), which was 357 moderately upregulated together with pyruvate and diydrolipoamide dehydrogenases (PDHA, DLAT 358
and DLD). 359 We observed no clear pathway-level responses among down-regulated "early responsive" 360 genes, although we noted a transitory down-regulation of light-harvesting (LHCA1 and 4) and 361 photosynthesis proteins (psbQ, psbU). This was, however, followed by subsequent up-regulation at 362 days 6 -8, and can likely be attributed to increased excitation pressure on PS2 caused by lower 363 temperature and higher light after the transition from RL to WL [57].
365
Gender-biased or -specific expression in females 366 The identification of "core" genes constitutively over-(or uniquely) expressed in the two genders 367
can provide insight into sex-specific genetic networks and developmental programs. In female 368 gametophytes, 15 KEGG genes were statistically assigned to the core set (Fig 5a, c-f ). These 369
included several genes with no detectable expression in male gametophytes that thus may provide 370
insight into the control of female gametogenesis (Table 2) . They include a transcript with repeated 371 RCC1 (regulator of chromosome condensation) motifs and annotated as KEGG orthologue HERC3 372 (K10614, an E3 ubiquitin-protein ligase). We also identified a female-specific Ran GTPase 373 (SL_90811), for which RCC1 is the guanine nucleotide exchange factor. Together they are thought 374 to play an important role in nucleocytoplasmic transport and mitotic regulation [58] . Another 375 potential HERC3 interacting protein is KCTD9 (K21919), which in humans interacts with the E3 376 ubiquitin ligase complex to mediate the ubiquination of target proteins for degradation, and which 377
was expressed (at low levels) in WL only in female gametophytes. The pre-mRNA splicing factor 378 SYF1 (an LSM3 isoform and component of the spliceosome) was also uniquely expressed in female 379 gametophytes (Fig 5a, c-f ). Taken together, these results suggest that several factors are involved in 380 the control of female-specific gene expression and the female gametogenic developmental program 381 in S. latissima. 382 383 384 gametophytes, the other had higher overall expression but was undetectable in males. INO1 is a [74] . These data indicate that several common elements of the cell proliferation molecular 520 machinery in multicellular lineages are invoked during spermatogenesis in S. latissima. 521
The sulfotransferase (ST) GAL3ST3 (galactose-3-O-sulfotransferase 3) was represented by 5 522 contigs with homology to known brown algal proteins. The most highly expressed member was 523 male-specific in S. latissima, likely reflecting differences in the regulation of cell wall structure 524 between male and female gametophytes. It was shown more than 30 years ago in S. latissima that 525 the antheridial cap, which ruptures to allow the explosive release of sperm in response to female 526 pheromone release, contains sulphated polysaccharides [75] and is therefore a potential site of 527 action for these gene products in males. It was also shown by [75] that antheridial discharge 528
requires Na+, with a rapidity suggesting the possible involvement of a membrane action potential. 529
While not supported statistically, expression of a voltage-gated Na+ channel (K04834; NAV1.2) 530 was detected only in males after 8 days, and is therefore potentially interesting in the context of 531 sperm release. 532 533
Expression of flagella-associated genes (mainly) in males 534
Prominent among male-biased genes expressed after 8 days in WL (Fig 5f) were a number 535 contributing to flagellar development in the antheridia. Several KEGG genes for intraflagellar 536 transport (IFT) and dynein assembly proteins showed low but significantly up-regulated expression 537 after day 8 in WL (Fig 5e, f; Table) . Expression of flagellar-related genes was highly male-biased, with 45 548 genes expressed only in males (i.e., female read mapping ≤ 1 TPM, defined as the threshold for 549 expression). However, a further 45 genes were expressed by both sexes, and female-specific contigs 550
were found for 3 genes (S4 Table) . 551 552 553 
559
a Where more than 1 contig is involved, the highest-scoring is reported.
While flagella are associated chiefly with motile reproductive cells of brown algae, such as 561 sperm, and sexual reproduction in Laminariales is oogamous, it has been known for over 30 years 562 that eggs of Laminariales retain the ability to produce flagella [78] . These lack a function in 563 motility, however, while possessing distinct features (an absence of mastigonemes and divergent 564 basal body structure). Rather than purely vestigial organelles remaining after the evolutionary 565 transition from anisogamy to oogamy, their persistence post-fertilization suggests an important role 566
in anchoring the developing zygote to the oogonium, potentially influencing zygote polarity in early 567 sporophyte development [79] . It remains for future studies to determine the detailed timing and 568 extent of possible female flagella-related gene expression, perhaps at later stages of egg 569 development. 570 571
Conclusions 572
This study provides the first overview of expression differences during gametogenesis in kelps in 573 the context of sex-bias and developmental trajectory. Although preliminary, the results provided an 574
unexpectedly rich picture of extensive changes in transcriptional profiles triggered by gametogenic 575 conditions in S. latissima. Transcriptome profiling revealed that a common immediate response of 576 both sexes to gametogenic conditions overrides sex-specific transcriptional changes, with specific 577
gene annotations suggesting an important role for post-transcriptional and epigenetic regulation of 578 ribosome biogenesis, cell proliferation and differentiation. In this phase, key genes involved in 579 nutrient (N) assimilation and control of intersecting energy and carbon metabolic pathways also 580 showed evidence of regulatory changes. 581
Consistent with the idea that female development may be the default pathway in brown algal 582 UV sexual systems [12], a number of female-biased or unique genes were identified with roles in 583 gene expression regulation, while males uniquely expressed the putative sex-determining HMG 584 factor protein, hypothesised to repress female development. Male-biased gene expression appears 585 largely to function in coordinating cell proliferation during sperm production, and for sperm flagella 586
biosynthesis. The results also highlight the potential roles of E3 ubiquitin-protein ligases in sex-587 specific gametogenic pathways, and of ROS signalling in female gametogenesis, both with either 588 ancient or convergent parallels in evolutionarily divergent multicellular lineages. 589
These and other observations (e.g., on timing and sex-specificity of flagella development), 590
whilst preliminary, suggest a fascinating array of genes, pathways and processes that may be 591 targeted in future functional and comparative studies of brown algal gametogenesis. 592 593
